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ABSTRACT 

32? fd  
A compensation technique is  described for  improving t e 

t ime response of the controlled variable for an incremental  

digital feedback control system. Compensation signals,  sup- 

plied with the pulse input signal and generated within the system, $ 

provide a continuous reference-input signal, a continuous feed- 

back signal, and a resulting continuous system e r r o r  signal. 

The compensated system then exhibits the behavior of a con- 

tinuous analog feedback control sys tem ra ther  than that of a 

discontinuous digital control system. 

sated system retains the principal advantages of the uncompen- 

sated digital system such a s  an  easily transmitted digital input 

However the compen- 

signal and a very accurate  digital component in the feedback 

signal; thus it maintains the digital accuracy of the uncompen- 

sated system while acquiring the "smoothness" of operation of 

a similar analog system. 

An experimental model of a compensated digital control 

sys tem is described. Experimentally obtained curves a r e  a lso 

shown to compare the t ime response of the controlled variable 

with and without the compensation networks fo r  severa l  different 

input signals.  .. 
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CHAPTER I 

INTRODUCTION 

Incremental  digital control sys tems a r e  employed in many 

control applications because digital information i s  easily and 

accurately s tored and transmitted. 

supply input and feedback information to these systems.  

Incremental  digital control systems a r e  utilized to manipulate 

a controlled variable and i t s  time derivatives along a p r e -  

scr ibed path. However, at low input pulse ra tes ,  the con- 

t rol led variable changes in a step-like manner instead of con- 

tinuously; thus there  a re  l a rge  e r r o r s  in the controlled- 

var iable  displacement and rate.  

Digital pulses a r e  used to 

The r e sea rch  work described h e r e  led to the development 

of compensation techniques for improving the time response of 

the controlled variable of an incremental digital control system. 

Compensation techniques a r e  described which generate a continu 

ous reference-input signal from pulse input information and 

which generate a continuous controlled-variable feedback sig- 

nal f r o m  the quantized feedback pulses and the controlled- 

var iable  velocity signal. The summation of the continuous 

1 
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input signal and the continuous negative feedback signal pro- 

vides a continuous e r r o r  signal as the input to the system 

actuator,  ra ther  than the discontinuous e r r o r  signal com- 

mon to a typical uncompensated digital control system, 

Thus the compensated system retains the digital accuracy 

and other advantages character is t ic  of a digital system, 

and it a lso acquires  the "smoothness" of operation a s  well 

as the analog resolution of a similar continuous analog 

control system, 



CHAPTER I1 

INCREMENTAL DIGITAL CONTROL SYSTEM 

OPERATION 

Description of the System 

The block diagram of a typical incremental  digital feedback 

position-control system i s  shown in Figure 2- 1 e 

information R 

the controlled variable 8, is quantized by the reference quan- 

t i ze r  and s tored (usually on magnetic tape o r  punched paper 

tape).  The quantizing process  consists of the generation of 

reference pulses;  see  Figure 2-2.  

the magnitude of the controlled variable should change by one 

d iscre te  increment (or  quantum) during the period of t ime be- 

tween the occurrence of that pulse and the occurrence of the 

succeeding pulse. 

should increase by one quantum, a plus pulse R 

if it should decrease,  a minus pulse R - is generated. Thus 

the frequency of the pulses is indicative of the desired r a t e  of 

change of the controlled variable, and, at any given t ime,  the 

Reference 

consisting of the desired t ime response of A ’  

Each pulse indicates that 

If i t  is desired that the controlled variable 

t is generated; 
P9 

P9  

3 
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net  algebraic sum of the generated pulses is indicative of the 

des i red  net change (measured in quanta) of the magnitude of 

the controlled variable.  

These reference pulses a r e  then supplied, in proper  t ime,  

sequence and spacing, to a bidirectional counter;  the receipt 

of a p l u s  pulse increases ,  and a minus pulse dec reases ,  the 

number in the counter. 

sentative of the instantaneous digi ta l  e r r o r  existing between 

the des i red  value of the controlled variable and its actual 

value. 

The number in the counter is r ep re -  

The digital-analog converter produces a discontinuously 

varying analog e r r o r  signal E proportional to the digital e r r o r  

number in the bidirectional counter. 

applied as the input to the system actuator and i ts  mechanically 

coupled load. 

This e r r o r  signal is 

The actuator a l te rs  its position 8 in response to the e r r o r  

signal. F o r  a typical control actuator, the direction and the 

average rate  of change of 8 a r e  proportional to the polarity 

and the average magnitude, respectively, of the e r r o r  signal. 



7 

The actuator is mechanically coupled to a quantizer. A s  

the actuator a l te rs  its position 8, the quantizer emits  a pulse 

each t ime that the magnitude of 8 becomes equal to a quanta 

value. 

equal increments of 8, called quanta, measured f rom some 

arb i t ra ry  reference position. ) If 8 i s  increasing, the emitted 

pulse will be a plus pulse 8 t; if 8 is decreasing, the emit-  

ted pulse will be a minus pulse 8 

b e r  of pulses emitted is indicative of the net displacement of 

8 f rom the reference.  

(A quanta value is an integral multiple of d i scre te  

P9 
- .  Thus the total net num- 

Pq 

In order  to provide negative feedback, the 8 t pulses 
P9 

a r e  directed into the minus input and the 8 

plus input of the bidirectional counter. 

- pulses into the 
P9 

An anti-coincidence circuit is  provided at the input to the 

bidirectional counter. 

ous,  o r  almost simultaneous, entrance of two pulses into the 

bidirectional counter and thus prevents the indeterminate 

counter operation that could result. The circuit  delays the 

entrance of one of two simultaneously received pulses until 

the counter has  responded to the other 

This circuit prevents the simultane- 
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System Operation 

Since al l  curves can be approximated by a s e r i e s  of 

straight-line segments,  a typical desired t ime response for  

the controlled variable 8 is a "ramp" response.  

sponse requires  that 8 change its magnitude by a specified 

number of quanta at a constant velocity 8. 

reference-input command for  a ramp response consists of a 

s e r i e s  of pulses equally spaced in t ime.  

pulses represents  the total desired quanta change in 8, and 

the pulse frequency represents  the desired velocity in quanta 

pe r  unit of time. 

A ramp r e -  

. 
The required 

The total number of 

The r amp  response of a typical digital position-control 

sys tem is shown in Figure 2 - 3 .  

t i cs  can be observed: 

Two undesirable character is-  

(1) The actual steady-state response of 8 deviates f rom 

the desired r amp  response in a limit-cycle manner 

which produces a relatively la rge  non-uniform posi- 

tion e r r o r .  

(2) The steady-state velocity 6 is not constant as desired 

but also assumes  a limit-cycle mode with la rge  var i -  

tions about the desired velocity. 
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These undesirable characterist ics will be shown in Chapter 

111 to be the resul t  of the discontinuous e r r o r  signals, i l lus- 

t ra ted in Figure 2 - 3 ,  which a r e  common to digital control 

systems.  

F o r  precision control a very small ,  uniform position- 

e r r o r  and a uniform velocity a re  desirable;  these operating 

character is t ics  a r e  of particular importance for  the control 

of machine tools in order  to obtain an accurate ,  high-quality 

surface finish. 

As can be seen in Figure 9-7b, the non-uniform t ime r e s -  

8 

ponse of 8 and 8 to r amp  commands is most  pronounced when 

the input pulse period is long when compared with the step- 

response t ime of the actuator. 

operation can be qualitatively described as follows. 

reference-input pulse is received, a one-quanta e r r o r  signal 

is applied to the actuator. 

changes its position 8 by one quanta and the resulting feed- 

back pulse decreases  the e r r o r  signal to zero.  

the actuator decelerates toward a r e s t  condition. 

next input pulse is received, the above operation is repeated. 

The t ime response of 8 then assumes a step-like mode. 

Then steady-state system 

When a 

The actuator accelerates  and 

With zero input, 

When the 
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The limit-cycle deviation of 8 f rom a t rue  ramp response 

is a lso a function of quanta size; the smal le r  the increment of 

6' designated as a quanta, the smaller the deviation. However, 

a practical  limit is placed on  the minimum possible quanta size 

because of the precision and cost of the feedback quantizer r e -  

quired and due to the undesirable effects produced by mechani- 

ca l  vibrations * 



CHAPTER I11 

CONTINUOUS CONSTANT ERROR SIGNAL 

REQUIRED FOR CONSTANT CONTROLLED- 

VARIABLE VELOCITY 

It will now be shown that,  for an actuator which can be 

easily modeled by a l inear differential equation, a constant 

input e r ror -s igna l  is required in order  to obtain a constant 

steady- state controlled-variable velocity. 

The dominant t ransfer  function G(s)  for  the small signal 

operation of a typical system actuator, such as an ac  servo-  

motor o r  a hydraulic servomotor is of the fo rm 

K 
G(s) = s(T1s t l ) (TZs  t 1) 

which contains a single integration. 

of the controlled variable e(s)  is 

The Laplace t ransform 

O(s) = E(s) G(s) 



1 3  

where E(s) is the Laplace transform of the e r ror -s igna l  input 

to the actuator. 

variable velocity 6 ( s )  is 

Then the Laplace t ransform of the controlled- 

sE(s) K 
s(T1s t 1)(T2s t 1) 

* &) = se(s) = s ~ ( s )  ~ ( s )  = 

Solving for  E(s) gives 

E(s)  = -  Q ( s )  (Tis t l ) (TZs  t 1 )  . K 

6 Now for  a constant output velocity 6(s )  = - and 
S 

6 E(s) = - (T1s t 1)(T2S t 1) . K s  

Then the application of the final-value theorem gives the steady- 

state relationship between the desired constant output velocity 

6 and the required system e r ro r  signal e(o0). 

Thus i t  is seen that a constant output velocity requires  a 

constant e r r o r  signal. 
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Now an uncompensated digital system's  digital-analog con- 

ver te r  is capable of supplying e r r o r  signals of integral  magni- 

tude only; see  Figure 2 - 3 .  When a velocity is desired that r e -  

quires  a non-integral e r r o r  signal, the system will assume a 

mode of operation such that the output of the digital-analog 

converter will alternate between two (or  more)  integral values 

in a periodic manner so a s  to produce an average output equal 

to the required e r r o r  signal. 

signal input to the actuator produces a periodic output velocity 

having an average value equal to the desired value, 

This periodic discontinuous e r r o r -  

It is thus apparent that ,  in order  to obtain a constant 

uniform steady- state output velocity f rom a digital control 

system, it is necessary to compensate the system so a s  to 

obtain a continuous constant error-s ignal  input to the system 

actuator.  

it is necessary to first generate a continuous reference-input 

signal R and a continuous controlled-variable feedback signal 

In order  to obtain this continuous e r r o r  signal E 
C 

C 

8 since E = R - 8 . 
C C C C 



CHAPTER IV 

GENERATION O F  A CONTINUOUS REFERENCE 

INPUT SIGNAL 

Approximation of the Desired Output 

A segment of a simple desired controlled-variable t ime-  

D response curve R 

is approximated by a curve R 

i s  shown in  Figure 4-1. This curve R 

which consists of straight- 

D 

A 

l ine segments extending between the quanta-point crossings 

of R Hereafter R will be considered a s  the desired D*  A 

controlled-variable time-response curve,  and thus it will a lso 

be considered as the reference-input signal that must  be sup- 

plied to the system to command the controlled variable. 

Quanti zati on of the App r oxima t e d De s i r ed - Output 

In an uncompensated digital control sys tems R would be A 

quantized into reference-input pulses R t and R -; the 
PQ Pq 

occurrence of a R t (or  a R 
P9 Pq 

-) pulse would indicate that 

the controlled variable 8 should increase (or  decrease)  in 

15  
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magnitude by one quanta during the period of t ime between 

the occurrence of that pulse and the occurrence of the succeed- 

ing pulse. 

Compensation Pulses  

The reference-input compensation i s  generated f r o m  infor- 

mation obtained by the addition of a compensation pulse R 

which precedes each R 

The interval T 

variable velocity 8 (the slope of the R 

Pk 

k' pulse by a variable t ime interval T 
P9 

is made directly proportional to the controlled- k 

- t  approximation curve) A 

that is desired during the time-interval T 

rence of that R 

between the occur- 
9 

pulse and the occurrence of the succeeding 
PQ 

R pulse:  
?9 

The calculation of the proper time-location of these com- 

pensation pulses is described below for  the typical desired 

controlled-variable response R shown in Figure 4-2 .  Assume A 

that it is desired to generate the continuous l inear input voltage- 

r amp  (measured in quanta) that must  occur during the t ime 

interval between t and t that i s ,  during the interval between 

the desired crossing of quanta-point "a" and the crossing of the 

a b '  

successive quanta-point ltblts F r o m  the point- slope fo rm of 
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the equation of a line, the voltage R(t)  at t ime t can be found 

b "  
for t 4 t < t  

a -  

t - t  tb - t 7 7 
a a 9 q 

1 R(t)  = R(t ) t - (t - t ) 
a 7  a 

It can be seen that the third term in this expression could be 

obtained by performing the integration of a constant voltage 

proportionai to i i7  during the interval from i iv  t .  Tirer~ 
9 a 

R(t) = R(t ) t ) 
a 

L d t .  
a 7 

q t 

Now it is desired to have available, at t ime t , a constant 

voltage proportional to 1 / ~  . 
q 

another constant voltage "A" is made available for  integration 

a 

It can be seen also that, i f  

during the interval f rom a preceding t ime t (where t = t - rk) 
to t , the following resul t  will occur .  

k k a  

a 
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/’. A dt = A(ta - t ) = A r k  

t k 

If AT is to be equal to 1 / ~  then 
k q’ 

1 AT = -  
k r  

q 

and 

e _ -  1 7 = - -  
k Arq A 

Thus if a compensation pulse R 

pulse R at t by the interval r initiates the integration of 
Pq a k’ 

the constant voltage A and i f  the R 

integration and initiates the integration of the resul t  AT 

which precedes the quantized 
Pk’ 

pulse terminates  this 
P9 

which k’ 

continues during the interval 7 

RA a b’  

then the desired voltage r amp  
9’ 

can be generated between time t and t That is ,  
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which is 

R(t) = Rd + R  = R 
A c  

b '  f o r t  5 t I t  a 

The digital component R of the continuous reference input d 

R 

analog converter due to the input of the quantized reference-  

input pulses R to the bidirectional counter. The incremental  

component R 

tion is described below. 

is the component of the output of the sys tem e r r o r  digital- 
C 

P 

is  the compensating r amp  component; its genera- 
A 

Generation of rhe Continuous ReIei-eiice-Iiiptit Efgr;~! 

The generation of the continuous reference-input signal R , 
C 

f r o m  the compensated reference-input pulses R can be ex- 
PC 

plained by further reference to  Figure 4-1. 

Consider the generation of the straight-line segments wx, 

xy, and yz  which compose the i l lustrated portion of the curve 

RA. 

forward binary counter a r e  in the 0-state at t ime Oa preceding 

the reception of the first illustrated compensation pulse R 

at t ime la. 

0 1 Assume that the flip-flops (FF-2 and FF-2 ) of the 

Pkl 
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During the interval T following the R pulse,  integrator 
k l  Pkl 

I 

following interval 7 (Note that the operational amplif iers  

comprising the integrators  and the summer  produce an alge- 

b ra i c  sign inversion. ) At time Z a ,  the R 

d i rec ts  a R t pulse into the bidirectional counter,  and the 

associated digital-analog converter produces an output R of 

-R . During the interval 7 the output A7 of integrator 

I is  integrated by integrator I giving the des i red  R output 

of - ( t - 2 a ) ( A ~ ~ ~ ) .  Now since T was made equal to  AT 

to provide proper  t ime orientation of the R 

pulse,  then 

integrates its input -A and holds the resul t  AT 
1 k l  

during the 

ql 

quantized pulse 
Pql 

P 

d 

W q l ’  k l  

1 3 A 

kl  q l  

pk 1 
compensation 

- (t - Za) 

q l  
R =  

A T  

during the interval T where 2a 5 t S Ob. Thus during the 
q l  

interval  T the continuous reference input R is obtained by 
q l ’  C 

the summation (by summing amplifier S ) of this l inear ly-  1 

d varying component R and the reference-input component R 
A 

of the output of the system e r ro r  bidirectional counter and 

digital-analog converter.  That is, 
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R = - ( R d t R )  = R +- (t-2a) 
C A W 7 

q l  

for  2a 5. t Ob. At t ime Ob, t-2a = T and so  R = R t 1 = R 0 

then integrators I and I are reset  to zero  initial-conditions 

and an R t pulse is directed into the plus input of the bidirec- 

tional counter by the reception of the R 

This R t pulse increases  the digital-analog converter output 

by one quanta to R . The next R r amp  is generated in a 

similar manner by integrators I, and I 

q l  C W X, 

1 3 

P 

quantized pulse. 
Pq2 

P 

X A 

I 4" 

Note that a t  t ime 3a, an operation similar to that descr ibed 

above was initiated f o r  integrators I and I 2 4 '  
thus the two sets 

of integrators alternately supply the R component of R . A C 

It has  been shown above that the reference-input compen- 

sation consists of the generation of an  incremental  ramp- 

component R R increases  linearly f rom a magnitude of 

zero  to a magnitude of one quanta during the interval between 

A' A 

the reception of two successive quantized pulses R . When 

a R pulse is received, the R component is rese t  to zero  and 

1 .  P9 

P9 A 
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an  R pulse en ters  the bidirectional counter,  changing the d-a  
P 

output by one quanta and the process is repeated. Thus a con- 

tinuous reference input signai R is generated by the addition 
C 

of the l inearly-varying incremental r amp  component R 

the step-varying digital component R 

Generation of the R Pulses  

and 
A 

d’ 

Pk 

In the experimental model of a compensated digital system 

descr ibed in Chapter VIII, the compensation pulses R 

the quantized pulses R 

and 

were recorded on magnetic tape to 

Pk 

Pq 
n r n T T i c 1 -  +hn rnmpensatcd r , f e r e n ~ e - ; n n i ? t  n i i l c - c  R- , .Sinpn _ _ _ *  _ _  

PC --*r-” I---”- =* ” .*-- .,**- -”*** 

relatively slow input-pulse rates were desired,  a push-button 

and stop-watch technique was used in the recording of the 

pulses .  However for high input-pulse ra tes ,  a recording pro-  

ces s  should be employed that would be more  rapid and more  

accurate .  

One technique that could be used consists of a punched 

paper tape input and an electronic decoding circuit .  The tape 

would be coded with information describing the des i red  

change in magnitude and the desired ra te  of change of the 
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controlled variable for  each individual r amp  (straight-l ine 

segment) approximating the desired controlled-variable t ime 

response.  

decoding circui t  which would then generate the required 

compensated reference-input pulses R . 

This information would then be decoded by the 

PC 

I 



CHAPTER V 

GENERATION O F  A CONTINUOUS CONTROLLED- 

VARIABLE FEEDBACK SIGNAL 

A typical electromechanical digital position-control system 

will be assumed for the following discussion. 

the controlled variable, and the feedback paths for the compen- 

sated digital control system are shown in Figure 5- 1 e 

5-2 shows a typical t ime response for the controlled variable 

8 (position) and for the 8-feedback-signal components e 

The actuator, 

Figure 

The actuator,  consisting of an electr ic  motor  supplied by 

a voltage amplifier,  e tc .  , is  mechanically coupled to a quan- 

t izer  and a dc tachometer.  Operation of the actuator causes 

a change in the magnitude of the controlled variable 8. 

The quantizer operates in the following manner .  (1) The 

total possible operating range of 8 has  been subdivided into 

preselected equal-increments called "quanta"; the points of 

separation between these increments a r e  designated "quanta 

points". (2) At the instant that 8, having a positive velocity, 

26 
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Figure 5-42. Typical time-response for the controlled variable 0 
and the e-feedback,components 



29 

increases  through a quanta-point value, a forward pulse 8 t 

is generated; likewise, when 8, having a negative velocity, 

Pq 

decreases  through a quanta-point value, a backward pulse 

8 - is generated. Thus the algebraic net number of 8 
Pq Pq 

pulses generated during a specified t ime interval is indicative 

of the net change in quanta of the magnitude of 8 during that 

interval> 

The dc tachometer generates a dc voltage w h c h  has  a 

magnitude proportional to  the t ime-rate of change 6 (velocity) 

of the controlled variable and a polarity identical to the alge- 

b ra i c  sign of 8. 

The input to the actuator consists of a posit ion-error 

signal E and any error-compensation signals that might a lso 

be provided. The e r r o r  signal can be considered to consist of 

the algebraic summation of two components, the compensated 

reference-input signal R 

compensated negative feedback signal -8  . Now 8 also con- 

sists of the algebraic summation of two components, a digital 

(described in Chapter IV)  and the 
C 

C C 

step-varying component 8 and an incremental  analog com- d 

ponent 8 

segments;  see  Figure 5-2. 

which is "smoothly-varying" within incremental  
A 
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The digital component 8 is generated by feeding the 8 
d P 

pulses obtained f rom the quantizer output into a bidirectional 

counter and digital-analog converter combination. 

obtain negative feedback, the forward pulses 8 t, indicating 

an increase  in 8, a r e  directed to the minus input of the counter 

and thus decrease the number in the counter; the backward 

pulses 8 -, indicating a decrease in 8, a r e  directed to the 

plus input of the counter and increase the number in the 

counter 

put voltage proportional to the number in the counter; since 

this digital number changes in a step-like manner ,  the output 

In order  to 

P 

P 

The digital-analog converter then produces an out- 

of the converter also has a step-like 

the character is t ics  of the 8 signal, 

cult is required in the feedback path 

A 

time-variation. Due to 

a "pulse-inhibiting" c i r -  

between the quantizer 

and the bidirectional counter; this circuit  is explained l a t e r .  

The incremental  component 8 is  generated by feeding 
A 

the dc tachometer output signal 6 into an  integrator and r e s e t  

circuit .  

gives an  output 8 

to the algebraic net change in the controlled variable 8 which 

. 
The integrator integrates this velocity signal 8 and 

which has  a magnitude and sign proportional 
A 
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has  occurred since the previous quanta point w a s  c rossed .  

Since 8, and thus 8 

values,  it  is  only necessary to rese t  the integrator and to 

can assume both positive and negative 
A' 

change the number in the counter each t ime 8 

lute magnitude equivalent to one quanta. (Observe 8, 8 

and 8 during the t ime interval between t and t in F i g u r e  

5-2 . )  The r e se t  of the integrator and the change of the number 

attains an abso- 
h 

A' 'd' 

P 4 6 

in the counter by one quanta unit a r e  performed each t ime that 

a 8 pulse occurs ;  a 8 pulse is a 8 pulse which has  been 

allowed to pass  through the pulse-inhibiting circuit .  

P P Pq 

The pulse-inhibiting circuit compares  the algebraic  sign 

of each 8 

signs a r e  alike it passes  the pulse a s  a 8 

unlike, it inhibits it. Thus 8 pulses ,  which a r e  generated 
P9 

due to successive crossing of the same quanta point, a r e  

pulse with that of the previous 8 
Pq P9 

pulse;  i f  the 

pulse;  i f  they a r e  
P 

inhibited f rom appearing a s  8 pulses .  
P 

The compensated negative feedback signal -8  is the sum 
C 

of the inverted digital component -8  

mental  component -8  ; these components and their  sum a r e  

and the inverted incre-  
d 

A 
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shown in Figure 5 - 2 ,  (Note that 8 was inverted previously 

by feeding the 8 t pulses into the minus input of the counter 

and the 8 - pulses into the plus input; then the digital-analog 
P 

converter,  which produces a negative output, inverted - 8  

again giving 8 a s  the 8-component of its output.) Thus a 

continuous negative feedback signal -8  

F o r  example, in the interval t 5 t 5 t 

d 

P 

d 

d 

has  been produced. 
C 

6 4 

- e  = - e d -  eA 
C 

- e  C = -e(t4) - Jt 8 d t  

t4 

It can be seen that, since the 8 integrator is rese t  and A- 

the number in the counter is changed coincident with the occur- 

rence of each 8 pulse (which occurs when 0 c rosses  a differ-  

ent quanta point), the positional accuracy of the feedback sig- 

nal  is equivalent to that of an uncompensTted digital system at 

the instant when 8 crosses  quanta points, and i t  is much bet ter  

P 



between quanta points. Also the resetting of the integrator 

with each 8 

8 

gain o r  in the tachometer output. 

pulse prevents an accumulation of any e r r o r  in 
P 

that might exist due to small  inaccuracies in the integrator 
A 

It should be noted here  that only one bidirectional counter - 
and digital-analog converter combination is required to gener- 

ate both the reference-input digital component R 
d 

controlled-variable digital feedback component 8 

and the 

The com- 
d '  

bination of these components occurs as the negative output of 

the sys t em e r r o r  bidirectional counter and digital-analog 

converter combination in the form of -(R - Od). d 



CHAPTER V I  

PROPORTIONAL- PLUS -INTEGRAL ERROR 

COMPENSATION 

It will now be shown that the addition of proportional-plus- 

integral  e r r o r  compensation will reduce the steady-state sys-  

tem e r r o r  of the compensated digital control sys tem to  z e r o  

fo r  ramp-input commands (constant-velocity commands). 

Consider a typical actuator t ransfer  function G(s),  as 

assumed in  Chapter 111, which w a s  

K 
G(s) = s ( T l s  t l ) (TZs  t 1) ' 

Now with proportional-plus -integral compensation, the Laplace 

t ransform of the input signal to the actuator is 

and the Laplace t ransforms of the controlled var iable  6(s)  

and its velocity &(si) a r e  

34 
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KT K 
O(s) = E(s) 1 t- 

s s(T1s t l ) (TZs  t 1) 

s ( T l s  t l ) (Tzs  t 1) 

6 Solving for  E(s) for  a constant desired velocity of $s)  = - 

gives 

S 

6(Tls  t l ) ( T z s  t 1) 

K ( s  +KI) 
E(s) = 

Then the application of the final-value theorem gives the 

steady- state relationship between the desired constant output 

velocity 6 and the required system e r r o r  signal e(oo). 

Thus if  proportional- plus -integral  e r r o r  compensation is 

employed, with the compensated digital system, the steady- state 

sys tem e r r o r  is decreased to ze ro  for  ramp-input commands. 
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It should be noted, however, that i f  proportional-plus= 

integral  e r r o r  compensation is used with an uncompensated 

digital system, a low-frequency, low-amplitude limit cycle 

may occur fo r  the controlled variable. The occurrence of 

this l imit-cycle operation can be understood by reference to 

a Nyquist diagram. 1* It was shown by Taft that a describing- 

function approximation of the discontinuous elements in the 

feedback loop of a digital system produced a locus fo r  the 

"critical-point" which lay along the negative rea l  axis between 

-0. 7 and -ab. 

actuator contains a single integration (a type - 1 system), then 

the application of proportional-plus -integral e r r o r  compensa- 

Now if the transfer function G ( s )  of the sys tem 

tion will convert G ( s )  into an  equivalent type-2 t ransfer  

function G1(s )  which contains a double integration. 

low frequencies (a) the locus of G 1 ( j w )  would also approach 

F o r  very 

the negative real axis of the Nyquist diagram. Since the des-  

cribing function i s  only an approximation of the discontinuous 

':<The superscr ipt  numerals  r e f e r  to  Bibliography. 
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elements comprising the system feedback loop, intersection 

of the G ' ( j w )  locus and the critical-point locus may occur for  

low frequencies a 

cycle would occur for  the controlled variable.  

Thus a low-frequency, low-amplitude l imit  

I 



CHAPTER VI1 

ADVANTAGES O F  THE COMPENSATED 

DIGITAL CONTROL SYSTEM 

The compensated digital control sys tem has the following 

character is t ics  which may be considered a s  advantages when 

compared with those of the uncompensated system. 

(a) The compensated system retains  the pulse-data mode 

of input operation of the uncompensated sys tem in which all  

reference-input information is received in pulse form.  

(Pulse  information can usually be m o r e  easily and accurately 

s tored and transmitted than the corresponding analog infor- 

mation. ) However, the compensation circuits in the input 

channel of the system convert this input pulse-data into an 

equivalent continuous reference-input signal; this signal has 

a fo rm identical to that of the unquantized reference-input 

signal which represented the desired t ime response of the 

controlled variable.  

the e r r o r  signal supplied to the system actuator i s  continuous 

and has  the accuracy of the uncompensated digital input signal 

Thus the reference-input component of 

38 



39 

a t  the t ime of the reception of its input pulses and an accuracy 

that i s  much better during the time interval between these 

pulses. 

(b) The compensated system retains the pulse-data mode 

of feedback operation of the uncompensated sys tem in which 

the principal component of the controlled-variable feedback 

information i s  in digital pulse form f rom which a digital feed- 

back component i s  derived. However, the compensation c i r -  

cuits in the feedback loop also generate an additional incre-  

mental  analog feedback component during the t ime interval 

between the occurrence of feedback pulses.  

of these digital and incremental  components, a continuous 

feedback signal i s  obtained which has  a fo rm identical to that 

of the response of the controlled variable.  Thus the feedback 

component of the e r r o r  signal supplied to the sys tem actuator 

i s  continuous and has the accuracy of the uncompensated 

digital feedback signal a t  the time of the generation of feed- 

back pulses and an accuracy that i s  much bet ter  during the t ime 

interval between these pulses. 

By the addition 
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(c)  A continuous system e r ro r  signal is produced by the 

summation of the continuous reference-input component and 

the continuous negative feedback component 

e r r o r  signal provides a "smooth" continuous input signal to  

the system actuator ra ther  than the discontinuous "step-like' '  

e r r o r  signal which occurs in an uncompensated digital control 

sys tem.  

operation of the compensated digital control system similar 

to that of a continuous analog system. 

This continuous 

This continuous e r r o r  signal makes the internal 

(d) The digital system has been compensated so that it 

behaves internally like a continuous system; therefore,  it has  

the following steady- state operating character is t ics  for  a 

typical actuator t ransfer  -function having a single integration 

(a type-1 system) with a ramp input signal (a constant 

c ont r 011 ed- var  iable -velocity command) 

1. The controlled variable follows the ramp input command 

with a constant posit ion-error and a constant velocity. 

The posit ion-error will be zero with proportional-plus- 

integral e r r o r  compensation. 

A l a rge r  system-gain can be used for  third- or  h igher -  

order  systems since the cr i t ical  point on the Nyquist 

2 .  

3 .  
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diagram is located at -1. 0 on the rea l  axis rather  than 

at -0 .  7 which was shown in a describing-function 

analysis by Taft 
l* 

to  be the case  for an uncompen- 

sated digital control system; the l a rge r  gain will reduce 

the position e r r o r .  

(e) Analog signals, as well as digital signals, a r e  avail- 

able within the system for use  in additional transient-  

compensation techniques. These signals may be used for im- 

proving the controlled-variable response during the transient 

period that follows a system velocity-change command. 

possible compensation technique could employ "digital-lead" 

compensation (as  described by  Gaither ) in combination with 

A 

2 

analog compensation and utilize a switching circuit  to a l ter  the 

compensation as a function of system-error  magnitude. 

(f)  When no input signal or  load disturbance exis ts ,  the 

compensated system comes to res t  with the controlled variable 

coincident with a quanta-point location due to the corrective 

action produced by the analog compensation component of the 

*The superscr ipt  numerals  refer to the Bibliography. 
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negative feedback signal. 

of the controlled variable i s  always accurately known for  the 

compensated system while it may be  located at any unknown 

position between two quanta points for the uncompensated 

system. 

Thus the steady- state rest-position 

(g) Since the system was compensated so that it behaves 

internally as a continuous system, the many well-known 

analysis and synthesis techniques employed with continuous 

sys tems may also be used in the design o r  study of the com- 

pensated digital system. 

(h) Also the continuous-system behavior of the compen- 

sated system and its e r r o r  signal prevent the occurrence of 

the limit-cycle behavior that i s  common to uncompensated 

digital control systems due to ramp inputs, load disturbances,  

and drift .  

the compensated system is capable of supplying to the actua- 

to r  an analog e r r o r  signal that can assume the co r rec t  mag- 

nitude required for system equilibrium. The e r r o r  signal 

for  an uncompensated system is limited to integral  values; 

This limit-cycle behavior is eliminated because 
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thus when a non-integral magnitude i s  required,  it must  vary 

discontinuously between two (or more)  integral values in order  

to supply a signal having an equivalent average value. 



CHAPTER VI11 

DESCRIPTION O F  AN EXPERIMENTAL MODEL 

OF A COMPENSATED DIGITAL CONTROL SYSTEM 

A model of a typical digital position-control system, com- 

pensated to provide a continuous reference-input signal, a 

continuous controlled-variable feedback signal, and thus a 

resulting continuous sys tem e r ro r  signal, was constructed; 

s ee  Figures  8-1 and 8-2.  

and without the presence of the compensation signals, demon- 

s t ra tes  the improvement in system operation that can be  

The response of this system, with 

obtained when the compensation technique is employed. 

Reference-hDut Circuit 

The reference-input circuit, which generates the continu- 

ous reference-input signal R from information obtained from 
C 

its compensated pulse-input signal R , will be described by 

considering its response to a typical input. 

PC 

A simple desired controlled-variable t ime-response curve 

R is shown in Figure 8 - 3 .  As stated in Chapter I V ,  the curve D 

44 
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RD is approximated by a curve R consisting of straight-l ine A 

D' segments extending between the quanta-point crossings of R 

Hereaf ter  , R will be considered as the des i red  controlled- 

variable t ime-response curve and thus as the reference-input 

A 

signal required to command the controlled var iable-  

In an uncompensated digital control sys tem,  R would A 

be  quantized into reference input pulses R t and R -. The 

occurrence of a R 

the controlled variable 8 should increase  (or  decrease)  in 

Pq Pq 

t (or  a R 
P9 P9 

-) pulse would indicate that 

magnitude by one quanta during the period of t ime T 

the occurrence of that pulse and the occurrence of the succeed- 

between 
9 

ing pulse. 

In the compensated control sys tem to be described, only 

one input-signal channel is required.  

input signal R 

"A" and pulses of a l a rge r  amplitude IIBI1. 

channel with dual-amplitude pulses was used to simplify the 

implementation of the experimental sys tem.  ) The A-pulses 

include the quantized R pulses (R t and R - )  and the R 

compensation pulses which precede each quantized pulse by 

The compensated pulse- 

to this channel consists of pulses of amplitude 

(This single input- 

PC 

P9 Pq Pq Pk 
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the interval 7 

B-pulse replaces the coincident A-pulse whenever it is desired 

that the controlled variable reverse its previous direction of 

motion; a lso a B-pulse is inserted when it is desired that the 

controlled variable stop. The R pulses of amplitude "A" o r  

''B'' a r e  recorded as negative pulses on magnetic tape for  

storage; in  the experimental system, a manual pulse-recording 

technique employing a push-button and a stop-watch was used. 

The flow of signals within the reference-input circuit  will 

(see Chapter I V  for  the calculation of 7 ). A k' k 

PC 

now be described. 

(1) During system operation, the R pulses a r e  directed 
PC 

into the inputs of two Schmitt tr iggers (ST-1 and ST-2) which 

emit positive pulses when triggered. 

pulses of either amplitude "A" o r  lIBl'; ST-2 is tr iggered only 

by pulses of the l a rge r  amplitude IlB'l. Thus these Schmitt 

t r iggers  "square-up" the tape recorder  output pulses and sense 

the presence of a pulse of amplitude I'Bl'. 

ST-1 is tr iggered by 

(2) The output pulses of ST-1 enter a 2-bit forward 

0 1 
binary-counter consisting of two flip-flops (FF-2 

As pulses a r e  received, the counter, initially rese t  to the 

and FF-2 ). 
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0-state, assumes  the states of 1, 2 ,  3 ,  0 in sequence and then 

J 

repeats this sequence. 

( 3 )  

state of this counter as follows: 

The compensation integrators a r e  controlled by the 

(a) state 0 - -  integrator I is r e se t  and maintained 
1 

at zero  initial- conditions; 

(b) state 0 and state 1 - -  integrator I is rese t  and 
3 

maintained at  zero initial-conditions; integrator I integrates 4 

the output of integrator I generating a R ramp-increment;  

(this output is zero  if  the system is at  rest in state 0); 

2’ A 

(c) state 1 - -  integrator I integrates its constant 

giving an output 

1 

amplitude input -A during this interval T k’ 

which it re ta ins  during the following interval T consisting 
A7k 4 

of state 2 and state 3; 

(d) state 2 - -  integrator I is r e se t  and maintained at  
2 

zero  initial-conditions; 

(e)  state 2 and state 3 - -  integrator I is rese t  and 4 

maintained at  zero initial-conditions; integrator I integrates 
3 

the output AT of integrator I generating a R ramp-increment;  k 1 A 
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( f )  s tate 3 - -  integrator I integrates  its constant am-  2 

k plitude input -A during this interval T 

which it re ta ins  during the following interval 7 

state 0 and state 1. 

giving an output AT k 

consisting of 
9 

(4) The reference-pulse input R to the e r r o r  bidirectional 
P 

0 
counter is generated by the one-zero transit ion of FF-2 ; thus 

al ternate  R input pulses (the second, fourth,  sixth, etc.  ) 

di rec t  a pulse into the counter and change i t s  state.  

PC 

There-  

fore  the R pulse t ra in  is identical to  the sum of the two R 
P P9 

s 
pulse t ra ins  with two exceptions: (a) af ter  the system has  been 

at r e s t ,  the second R 

f r o m  generating a R 

(b) a l so  an additonal R 

command is received, which commands the system to stop, and 

thus r e se t s  the circuit  including FF-2 

pulse (first R 
PC P9  

pulse) is  prevented 

pulse by FF-3 and i ts  associated gates;  
P 

pulse is  generated when a B-pulse stop- 
P 

0 
which experiences a one- 

ze ro  transit ion.  

(5) The pulse input R to  the e r r o r  bidirectional counter 
P 

inc reases  o r  decreases  the number in the counter depending 

upon the state of FF-4. The e r ro r  digital-analog converter  

then provides a step-varying analog output proportional to this 
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number.  

sented by -R 

input signal R ).  

The reference-input component of this output is r ep re -  

(the digital component of the continuous reference-  
d 

C 

(6) Summing amplifier S adds the incremental  component 
1 

R and the digital component R 
A d 

and provides a resultant contin- 

uous reference-input signal R This R is  the component of 

the system e r r o r  signal E due to the reference-input signal. 

C C 

(7) The direction of change of the continuous reference-  

is controlled by FF-4 and its associated c i r -  input signal R 

cuitry.  

will be an increase ;  when it is in state 1, a change will be a 

decrease .  When FF-4 is in state 0, the R pulses a r e  directed 

C 

When FF-4 is in state 0,  a change occurring in R 
C 

P 

A 
into the plus input of the bidirectional counter and the R 

r a m p  increments  a r e  fed directly into the e r r o r  summing 

amplifier S . When FF-4 i s  in state 1, the R pulses a r e  di- 

rected into the minus input of the counter and the R 

increments  a r e  first inverted by summing amplifier S 

then fed into the e r r o r  summing amplifier S 

1 P 

r amp  

and 

A 

2 

1' 

(8) A command for the system to stop o r  to r e v e r s e  its 

direction of motion i s  indicated by the presence of a R pulse 
PC 
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of amplitude B. 

enters  the 2-bit forward counter and changes i t s  state;  this 

B-pulse also t r iggers  ST-2 and its output pulse is momentari-  

A B-pulse tr iggers ST-1 and its output pulse 

ly delayed. If the counter is in state 1 o r  in s ta te  3 when the 

delayed output pulse of ST-2 occurs, F F - 3  and the counter 

flip-flops a r e  rese t  t o  zero.  

tion of FF-2 

counter and the existence of these three  flip-flops in the 0-state 

r e se t s  and maintains zero  initial-conditions for the compensa- 

1, 12, 13, and I If the counter is in state 0 tion integrators I 

o r  in state 2 when the delayed output pulse of ST-2 occurs ,  the 

The resulting one-zero t ransi-  

pulse into the e r r o r  bidirectional 
0 

directs  a R 
P 

4*  

s ta te  of F F - 4  will be changed and a reversa l  in the direction of 

change of R will occur.  
C 

Therefore i f  the occurrence of a reference-input pulse 

R 

it commands the system to  stop; if it shifts  the counter into 

of amplitude B shifts the counter into state 1 o r  state 3 ,  
P= 

state 0 o r  state 2 ,  it commands the system to r eve r se  its 

direction of motion. Note that when the system is initially re- 

se t  manually, F F - 4  is reset  into s ta te  0 and thus any succeed- 

ing change in R will be an increase until a r eve r se  command is 
C 

received. 
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(9) In the experimental system it was necessary to delay 

the input of the R 

a monostable multivibrator. 

pulse to the e r r o r  bidirectional counter with 
P 

This delay allowed the e r r o r  

digital-analog converter to change its output- state more  nearly 

coincident with the r e se t  operation of the integrators which 

was performed by electromechanical relays having an inherent 

delay in operation. 

quantizer feedback pulses 8 

A similar delay was also required by the 

P 

It has  been shown above that the reference-input circuit  

receives  dual-amplitude input pulse information on a single 

input channel and converts it into a continuous reference input 

signal. This signal then commands the system to change the 

magnitude of the controlled variable by a specified amount and 

at a specified r a t e  in a forward o r  r eve r se  direction o r  com- 

mands it to stop. 

Sys tem-Error  Circuit 

The continuous position-error signal E is obtained as the 

output of summing amplifier S The e r r o r  signal E is  the 

resu l t  of the summation (and the inversion) of the following 

components: (a) the inverted digital e r r o r  signal -(Rd - Bd) 

1' 
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which is the output of the system e r r o r  digital-analog converter;  

this signal includes the inverted analog equivalent of the alge- 

bra ic  summation (by the e r r o r  bidirectional counter and d-a 

converter)  of the digital component R 

reference-input signal R 

the continuous controlled-variable negative feedback signal 

- 6  ; (b) the inverted reference compensation signal -R * 

(c)  the inverted negative-feedback compensation signal 8 

Thus 

of the continuous 
d 

and of the digital component -ed of 
C 

C A' 

A* 

= (R t R ) - (ed t 8 ) d A  A 

= R  - 6  a 

C C 

Therefore E is a continuous e r ro r  signal since it is the result  

of the algebraic summation of the continuous reference input 

signal R 

back signal - 6  . 

and the continuous controlled-variable negative feed- 
C 

C 
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In order  to make possible proportional-plus-integral e r r o r  

compensation, the position e r ro r  E is integrated by integrator 

I which gives an output -KI/E dt. This resul t  is then inverted 

by summing amplifier S giving the output K /E dt which is 

5 

3 I 

4' then combined with E in summer S 

Actuator Transfer  Function 

A typical actuator transfer function G ( s )  of the fo rm 

K 
G ( s )  = 

s ( s 2  t 26s t :1) 
8 

which includes one integration and an oscillatory t e r m  with 

damping rat io  5 of 0 .6 ,  was implemented with summing ampli- 

and I Since O ( s )  = 4 5 6' '7' 8' fiers S and S and integrators I 

E(s) G(s ) ,  these summers  and integrators solved the following 

differential equation for 8 and 8 

... 
e = ~ ~ - 2 G i j - i  . 

Thus this circuit  provides output signals representing the 

controlled variable 6 (position) and its t ime-rate  of change 

6 (velocity) 
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8 -Quantizer 

Since the controlled variable 8 w a s  represented by a volt- 

age,  an electronic quantizer was employed to generate. the 

quantized feedback pulses.  

input to summer  S 

input of Schmitt t r igger  ST-3  and into inver te r  S 

vides the input to ST-4.  

increment  A8 which gives a negative output f rom S 

the negative tr igger-voltage of ST-3,  then ST-3 emi ts  a 

pulse. 

directional counter and thus increases  the magnitude of the 

negative output voltage of its associated digital-analog con- 

ver te r .  

summer  S 

which just  cancels the positive 8-input. 

is returned to zero,  ST-3 returns to its untriggered condition, 

and the process  continues. The pulse emitted by ST-3 i s  a lso 

fed into the minus input of the system e r r o r  bidirectional 

counter decreasing the number in the counter which represents  

the system digital position- e r ro r .  

The voltage 8 is supplied as an 

is fed directly into the the output of S 6 ;  6 

which pro- 

Now if 8 increases  by a one-quanta 

equal to 

7 

6 

This pulse increases  the number in the quantizer bi- 

This negative d-a  output is fed back into the input of 

and amplified so as to provide a negative input 6 

6 Thus the output of S 
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If, in  a similar manner,  8 decreases  by a one-quanta 

increment A8 which gives a negative output f rom S 

the negative trigger-voltage of ST-4, then ST-4 emits  a pulse 

which decreases  the magnitude of the negative o u t p t  ~f the 

quantizer d-a  converter and increases  the number in the e r r o r  

bidirectional counter. The output of S is returned to zero and 

ST-4  is returned to its untriggered condition. 

equal to 7 

6 

Thus an increase (or  decrease) in 8 of an increment he 

equal to  one quanta will trigger ST-3 (or  ST-4) and generate 

a quantized controlled-variable feedback pulse 8 t (or  8 - )  

which en te r s  the minus (or plus) input of the e r r o r  bidirection- 

P P 

al counter. The number in the counter, representing the 

digital posit ion-error in  quanta, is decreased (or  increased) 

by one unit providing negative digital feedback. 

Note that the feedback pulse-inhibiting circui t ,  which was 

shown in  Chapter V to be required when an electromechanical 

quantizer is employed, was designed into the electronic quan- 

t izer  used in the experimental system. 

8 Compensator 
A- 

The compensation component 8 of the continuous feedback A 

The inverted 
10' signal 8 is generated by integrators I and I 

C 9 
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controlled-variable velocity signal - 6  f r o m  the output of I is  7 

integrated and inverted by integrators I and I alternately 

during the interval between the generation of successive 8 

feedback pulses.  The 8 pulses alternately r e se t  one integra- 

tor  to zero  initial-conditions while the other is integrating the 

9 10 

P 

P 

input - 6  to produce a 8 compensation increment .  (Note that 

in  an actual control system employing a mechanical actuator ,  

A 

the velocity signal 6 could be obtained f r o m  the output of a 

mechanically coupled dc tachometer.  ) 

Continuous Controlled-Variable Negative Feedback Signal 

The digital component 8 of the continuous controlled- 
d 

variable feedback signal 8 is the component of the output of 

the sys tem e r r o r  digital-analog converter due to the input of 

the feedback pulses 8 

C 

into the e r r o r  bidirectional counter. 
P 

The incremental  component 8 of 8 A C 
is the output of the 

10' 8 compensating integrators  I and I A- 9 

These components a r e  added and inverted by summing 

amplifier S 

signal -8  

E due to controlled-variable negative feedback. 

giving the resulting continuous negative feedback 
1 

which is  the component of the sys tem e r r o r  signal 
C 



CHAPTER IX 

OPERATION O F  THE EXPERIMENTAL MODEL 

O F  A COMPENSATED DIGITAL CONTROL SYSTEM 

De s i red  Controlled- Variable Time -Response Curves 

Four  R -t curves,  representing typical desired t ime- 

response curves (8-t) fo r  the controlled variable 8, a r e  shown 

in Figure 9-1.  

commands to the controlled variable : 

A 

These curves represent the following input 

(a) Curve A - -  a positive displacement of 8 of 18 quanta 

a t  a constant velocity 6 of 0. 1 quanta./second; a dwell of 10 

seconds; a negative displacement of 15 quanta at 0 . 2  quanta/ 

second; a dwell of 10 seconds; a positive displacement of 15 

quanta at 0.  1 quanta/second. 

(b) Curve B - -  a positive displacement of 15 quanta at 0.  1 

quanta/second; a dwell of 15 seconds; a negative displacement 

of 5 quanta at 0 . 2  quanta/second; a dwell of 10 seconds; a nega- 

tive displacement of 5 quanta at  0. 1 quanta/second; a positive 

60 
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displacement of 5 quanta at 0 .  2 quanta/second; a positive dis- 

placement of 5 quanta at 0. 1 quanta/second; a negative displace- 

ment of 10  quanta a t  0. 2 quanta!secondy a cessation of motion. 

(c) Curve C - -  a positive displacement to generate 179. 55 

degrees  of a r c  of a circle of 209. 79 quanta radius in 301. 1 

seconds; a cessation of motion; (the maximum displacement 

is 15 quanta and the final displacement is 2 quanta). 

(d) Curve D - -  a positive displacement of 10 quanta at 0. 2 

quanta/second; a dwell of 10  seconds; the generation of one 

cycle of a sine wave having an amplitude of 8 quanta and a period 

of 251. 12 seconds; a cessation of motion; (the maximum dis- 

placement is 18 quanta and the final displacement is 10 quanta). 

Compensated Ref e r enc e -Input Pulse s 

These RA-t curves were approximated by straight-line 

segments extending between quanta-point crossings.  The 

resulting approximate-curves were then quantized, giving a 

pulse R at the t ime of each quanta-point crossing. Compen- 

sation pulses R 

reference-input pulse information R 

Figures  9-2, 9-3, 9-4,  and 9-5. 

P9 

were then added, giving compensated 
Pk 

for  each curve; see 
PC 
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Continuous Ref e r enc e -Input Signal 

The compensated reference-input pulses R were  recorded, 
PC 

in  proper time relationship, on magnetic tape. The pulses were  

then fed into the input channel of the compensated control sys-  

tem.  The pulses,  the continuous reference-input signal R 

generated within the system, and its components were  then r e -  

C 

corded as a function of t ime. The continuous reference-input 

signal R , its digital component R its incremental  compo- 

nent R 

C d' 

and the associated compensated reference-input A' 

pulses R used in its generation a r e  shown in F igures  9-2,  9-3, 
PC 

9-4, and 9-5 for  the desired controlled-variable t ime-response 

of Curves A ,  B ,  C, and D, respectively, of Figure 9-1.  Note 

that R is the algebraic sum of R and R as described in Chap- 

t e r  I V .  

C d A 

It can be seen,  f rom Figure 9-1 through 9-5, that the com- 

pensated control system is capable of receiving input informa- 

tion R 

reference-input signal R 

straight-l ine approximation of the desired controlled-variable 

in pulse fo rm and of converting it into a continuous 
PC 

which is identical in f o r m  to  the 
C 
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response R 

pensates itself into a continuous-input system; this system 

Thus the compensated pulse-input system com- A' 

then has  an input-signal accuracy which i s  equivalent to that 

of the uncompensated system at  the t ime of the reception of 

the usual digital input pulses and which is bet ter  during the 

interval between these pulses. 

Generation of the Continuous Controlled-Variable Feedback 

Signal 

A typical controlled-variable t ime-response 8 i s  shown in 

Figure 9-6.  Also shown is the system's corresponding con- 

tinuous feedback signal 8 

addition of i t s  digital component 8 

nent 8 see  Chapter V .  

which is generated by the algebraic 
C 

and i t s  incremental  compo- 
d 

A' 

The digital component 8 is the inverted analog output of d 

the system's  e r r o r  bidirectional-counter and digital-analog 

converter due to the input of 8 pulses only. The 8 pulses 

a r e  the 8 pulses,  produced by quantizing 8, which a r e  per -  

mitted to pass  through the pulse-inhibiting circuit ;  see  Chapter 

V.  Note that,  in  the experimental system, the pulse-inhibiting 

P P 

P9 

circui t  is designed into the 8-quantizer circuit .  
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The incremental  component 8 is the output resulting f rom 
A 

integrating the controlled-variable velocity 6 during the t ime 

interval between the generation of successive 8 

r e se t  the integrator).  

6 would be the output of a dc tachometer coupled to the 

controlled variable 8; however, in the experimental  system, 

6 was obtained as the output of an integrator included in the 

analog computer simulation of the t ransfer  function Gjs j  of 

pulses (which 
P 

In a typical electromechanical sys tem,  

the sys tem actuator.  

By comparing 8 with 8 in  Figure 9-6, it can be  seen that 
C 

a continuous feedback signal 8 is generated by the algebraic 
C 

addition of 8 and 8 this signal has  a fo rm identical to that of 
d A9 

8. Thus the compensated system has  a controlled-variable 

feedback signal OC available for  negative feedback which is con- 

tinuous, which has  a fo rm identical to that of 8, and which has  

the accuracy of the usual digital feedback signal at the t ime of 

occurrence of the digital feedback pulses 8 

be t te r  accuracy during the t ime interval between these pulses.  

and has  a much 
P 



Time Response of the Controlled Variable for  the Control 

System W i t h  and Without Compensation 

The measured t ime response of the controlled variable 8 

for the experimental control system, with and without compen- 

sation, is shown in  Figures  9-7, 9-8,  9 - 9 ,  and 9-10 for  the 

reference-input signal R of Figures 9-2, 9 - 3 ,  9-4, and 9-5,  

respectively. Also shown are the controlled-variable velocity 

PC 

e and the system e r r o r  signal E. 

The compensated system has an actual controlled-variable 

response 8 almost identical to  the corresponding des i red  r e s -  

ponse R 

m o r e  nearly uniform. Thus it can be seen that these compen- 

sation techniques e which produce a continuous reference-input 

signal, a continuous controlled-variable feedback signal, and a 

resulting continuous system error  signal, give a controlled- 

variable t ime-response that is superior to that of the system 

without compensation. 

t i es  of very short  duration which occur in  the e r r o r  signal E 

for  the compensated system a r e  due to the small time-delay 

of Figure 9-1; a lso the velocity 6 and the e r r o r  E a r e  A 

(It should be noted that the discontinui- 
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I 

in the operation of the electromechanical re lays  employed for  

resett ing the system's  compensation integrators  This delay 

could be practically eliminated by the substitution of fas te r -  

acting solid- state relays.  ) 

Time Response of the Controlled Variable with Proportion- 

P lus  -1nt e g r al Compensation 

The t ime response of the controlled variable 6 ,  its 

velocity 6 ,  and the system e r r o r  signai E a r e  showr, in Figure 

9- 11 fo r  the compensated reference-input signal R of F igure  
PC 

9 - 2 and with p r  opor ti onali plu s - integ r a1 e r r  o r  compensation. 

An integration gain constant K of .0 .  05 was used. I 

seen  that, for  input signals commanding the controlled var i -  

It can be 

able 8 to move at a constant velocity ( r amp  inputs), the sys-  

t e m  e r r o r  signal E decreases  to ze ro  soon after the initiation 

of the ramp.  However, the transient condition in 6 and 6 that 

follows the point of transit ion between r amps  of different slopes 

is m o r e  pronounced in magnitude and extended in t ime,durat ion 

as can be seen by the comparison of Figure 9-11 with F igure  

9-7 fo r  the compensated system without the addition of the 

proportional -plus -integral  compensation. 
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CHAPTER X 

CONCLUSIONS AND RECOMMENDATIONS 

C on c lu si on s 

Compensation of a pulse-input digital control system to 

generate a continuous reference-input signal, a continuous 

controlled-variable feedback signal, and a resulting continuous 

sys tem e r r o r  signal converts the discontinuous system into a 

sys tem that is internally continuous and externally digital. 

This resulting continuous system has  an accuracy that is equal 

to o r  bet ter  than that of the uncompensated digital system and 

a "smoothness" of operation comparable to that of a similar 

continuous control system. The actual response of the con- 

trolled variable 8 follows the desired response R with bet ter  

positional accuracy and with more nearly uniform velocity; 

these character is t ics  are very important for precision control 

of machine tools. 

Re commendations 

The design and installation of solid-state re lays  to replace 

the present  electromechanical relays employed fo r  resetting 

78 
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the compensation integrators  would improve the experimental  

sys tem's  operation. 

eliminate the small discontinuities occurring in the sys tem 

e r r o r  signal due to the t ime delay in electromechanical relay 

operation; they would also make operation at higher input- 

pulse ra tes  possible. 

was possible in the experimental sys tem only because of the 

!ew input-pulse ra tes  that were =sed. However ,  it is at ?ow 

pulse-rates  that a digital system demonstrates  its most  un- 

desirable  operational character is t ics  and thus requi res  com- 

pensation. 

frequencies , solid- state switching would be both desirable  and 

e s sential .  

Solid-state re lays  would practically 

The use  of electromechanical re lays  

In a pract ical  system employing high pulse- 

The push-button and stop-watch technique that was used 

for  recording the reference input pulses for  the experimental  

sys tem is applicable only to  relatively slow input-pulse ra tes ,  

and its accuracy is l imited by human reaction t ime.  There-  

fore ,  the design and construction of an electronic tape-input 

unit could facilitate the recording of these pulses on the magnetic- 

tape s torage.  Also a digital computer program could aid in the 
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calculation of the time-location of the compensated reference-  

input pulses required to command the controlled variable to 

follow various desired t ime-response curves .  

Some digital systems receive their  reference-input infor- 

mation f r o m  punched paper tape on which have been coded the 

total des i red  displacement in quanta and the des i red  velocity 

in quanta/second for each individual ramp-response of the 

controlled variable.  Therefore, in o rde r  to make the 

reference-input compensation circuitry compatible with 

digital control systems employing punched-paper-tape inputs, 

additional electronic c i rcui t ry  could be utilized in the input 

channel of the system. 

pensated reference-input pulses R 

ment and ra te  data supplied by the punched paper tape.  

These circui ts  would generate the com- 

f r o m  the coded displace- 
PC 

Since analog signals,  as well as the usual digital signals,  

a r e  present  in the compensated sys tem,  additional compensation 

techniques could be employed utilizing each of these signals 

independently to improve the system response during transient 

per iods.  

conjunction with standard analog techniques might be used. 

A technique such a s  "digital-lead" compensation in 

, 
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The design and utilization of solid- state operational 

amplifiers to perform the functions of integration, summation, 

and inversion required in the compensation circuitry would 

make possible superior system operation. 

desirable pulses, extraneous signals, dr i f t ,  and intermittent 

operational problems occuring with the electronic analog com- 

puter utilized in the construction of the experimental model 

made the system operation difficult and somewhat reduced its 

accuracy 

The existence of un 
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A P P E N D I X  

OPERATING CHARACTERISTICS OF CIRCUIT ELEMENTS 

Bistable multivibrator. (a) A. positive voltage-change a t  

input R t r iggers  ( o r  maintainsj the ci rcui t  into state-0; there-  

after a negative voltage exists a t  output 0 and a zero  voltage 

exists a t  output 1. (b) A positive voltage-change a t  input 

S t r iggers  (or  maintains) the circuit into s ta te-1 and a zero 

voltage exists at output 0. (c) A positive voltage-change a t  

input T t r iggers  the circui t  f rom i t s  present  state into the 

al ternate  state. 

Nor gate. The output of 0 i s  a negative voltage when- 

ever  all inputs (A, B, C, , . .) are  a t  zero  voltage; other- - 
wise the output of 0 is zero  voltage. 

Gated pulse-generator. The output of Po will be a 

negative-going pulse i f  a zero voltage exists a t  "level" 

input L whenever a positive voltage-change occurs  a t  

"pulse" input P. 
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Monostable multivibrator. In the steady- state, a nega- 

tive voltage exis ts  at output 0 and a ze ro  voltage exis ts  at 

output 1. Whenever a positive voltage-change occurs  a t  

input I, the ci rcui t  is  t r iggered into the al ternate  state 

( ze ro  voltage at output 0 and negative voltage at output 1); 

a f te r  a delay-time of T the circuit  r e tu rns  to  its initial 

condition. 

A.stable multivibrator. Output 0 and output 1 al ternate  

between ze ro  voltage and a negative voltage in a step-like 

manner  at frequency f .  

Or gate. An output exis ts  at output 0 whenever an  input 

exis ts  at any input (A,, By C, . , , ) ;  otherwise the output i s  

zero.  

- 

And gate. An output exis ts  at output 0 whenever a n  input 

exis ts  at all inputs (A,  B, C,  . , . ) ;  otherwise the output is  - 
zero. 

Schmitt t r igger .  If input I is initially a zero voltage, 

output T is  a z e r o  voltage and output S i s  a negative voltage; 

if input I becomes m o r e  negative than -U volts, then S and 

T switch s ta tes  and retain these new states until input I 

becomes l e s s  negative than -L volts; then S and T re turn  to 

their  initial states.  
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Gate ( t rans is tor ) ,  When control-input C i s  a z e r o  volt- 

age,  A and B a r e  open-circuited; when C is  a negative sa tura-  

tion voltage, A and B a r e  connected so that cu r ren t  can flow 

f rom A. to B only. - -  
Relay (electromechanical) ,  When control input C is a 

ze ro  voltage, A and B a r e  open-circuited; when C is  a nega- 

tive magnetizing voltage, A. andB a r e  connected so that 

cu r ren t  can flow between A and B in either direction, 

Summing amplifier,  Output 0 is equal to  the algebraic  

sum of inputs A., B,  and C ( O = A . + B -  C). 

Summing amplifier (and inverter) .  Output 0 i s  equal to 

the inverted algebraic sum of inputs A , B , and C (0 

Integrator (and inverter) .  Output 0 is  equal to the in- 

ver ted integral  of input I ( 0 = - I dt); input R r e se t s  the 

integrator  to zero initial conditions. 

J 


